A scheme for designing a novel optical receiving antenna is proposed to extend the field of view, receive higher power, and reduce the received-energy spot area for indoor visible light communication (VLC). ProE is used to model the antenna, while TracePro and Matlab are employed for simulations. Firstly, the lens wall of a compound parabolic concentrator with a certain rotation angle and thickness is obtained through rotating the parabolic reflector cross-section reference curve. Furthermore, a novel optical receiving antenna is designed in combination with the advantages of the lens-walled CPC and the spherical lens. Then, the Taguchi methodology and ANOVA technique are utilized to optimize the structure parameters of the receiving antenna. Finally, an indoor VLC system model is established and the channel performance is analyzed. Simulation results show that the designed antenna achieves the following performances: optical gain of 21.53, field of view of 45 • , and spot size of 3 mm. The received power is 9.5532 dBm, and the SNR is 86.2526 dB, which further confirms that the designed optical receiving antenna is suitable for indoor VLC systems.
I. INTRODUCTION
Light emitting diodes (LEDs) have been widely utilized in the fields of visual transmission, information display, and many other means of illuminance because of their high brightness levels, long life span, and low power consumption [1] - [3] . Another outstanding advantage of LEDs is high response sensitivity, and the switching frequency is high enough to achieve a reasonable data rate, offering the possibility of simultaneous illuminance and communication [4] - [6] . These systems are usually referred to as visible light communication (VLC) systems. Compared with traditional radio frequency (RF) communication and other wireless communication technologies, VLC have many attractive characteristics such as unlimited bandwidth, and it can be used where electromagnetic interference is prohibited (airplanes, hospitals and so on) [7] - [10] .
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Tanaka and Komine of KEIO University proposed a white
LEDs-based indoor VLC model in 2000. The received power, signal-to-noise ratio (SNR), and bit error rate (BER) of the detector are analyzed under the line of sight (LOS), which verifies the possibility of combining LED illuminance with communication [11] . Nowadays, various designs of VLC system have been put forward. However, present researches mainly focus on the modulation mode, channel coding, and layout optimization of light source, but little study related to the receiver system [12] , [13] . With regard to the receiver system, a well-designed optical receiver structure can increase receiving energy, SNR, and ensure communication with high rate and quality, which is an essential aspect of the VLC system. The optical receiver often placed in front of a detector to concentrate more light energy than a bare detector [14] - [16] . In VLC systems, LED follows the Lambert radiation model normally, with a wide launching angle. Therefore, wide field of view (FOV) and high gain are required for the receivers. However, in many VLC models, the receivers only consist of converging lens and filters, which cannot guarantee communication quality. As shown in Table 1 , the traditional common optical antennas such as the Cassegrain antenna have very small FOVs of about 1 • , which is not suitable for a VLC system [17] . Fresnel lens' optical efficiency could be obtained to be 92.1% only when the light is parallel [18] . Compound parabolic concentrator (CPC) has the characteristic of wide FOV with small gain but small FOV with high gain, the averaged received power is increased by 4.29 dBm for the directed light emitting diodes [19] , [20] . Hemispherical lens is a non-imaging concentrator which has a big FOV, but the gain is relatively low [21] . Moreover, the optical receiving lens need to be considered comprehensively according to the requirements of the system due to processing and cost. In order to increase the FOV and optical gain, Burton et al [22] proposed an angle diversity technology to achieve full mobility and guard against signal shadowing, and the received communications power profile throughout the RP has been shown to be almost uniform with a dynamic range of 2.52 dBm. Furthermore, the two-cascade optical antenna is proposed, which composed of Fresnel lens and CPC [23] . It is demonstrated that the received average power by using two-cascade optical antenna is about 7 dBm larger than that without any optical antenna, and the designed optical antenna provides a field of view of 40 degrees and enough gain for indoor visible light communication systems.
In this regard, we have previously proposed a novel twostage optical receiving antenna as the receiver in the indoor VLC system and analyzed the optical gain, received power, and SNR distribution [24] . Our results showed that the novel two-stage antenna works well in terms of gathering energy from Lambertian sources. However, the antenna is separated into two parts: lens-walled CPC and hemispherical lens. Obviously, it has an installation and measurement barriers, and it is difficult for finding the best structure combinations of these two parts to ensure good performance in the VLC system during the optimization process.
With this backdrop, here, we propose and demonstrate a scheme to design a novel optical receiving antenna that can provide high gain, good channel performance, and small spot area. Moreover, the convenience of measurement and installation have been fully considered when designing the optical receiving antenna, and the designed single-stage structure can produce better optical performance than the existing twostage structure. The effects of varying the rotation angle β, the bottom wall's height H , and the spherical radius R are studied to optimize the receiving performance. Clearly, the Taguchi experimental design method has the advantage of solving multi-objective complex optimization problems in a diverse range of fields [25] - [27] . Accordingly, the Taguchi method is applied to optimize the optical receiving antenna, aiming to identify the design settings that enhance the optical gain, received power, SNR distribution, and spot area of the received flux. The simulation results show that the designed optical receiving antenna could strongly focus the energy, providing smaller spot area and collecting more energy than a traditional antenna. We also establish a model of indoor VLC system and analyze the channel performance of the designed antenna. The rest of this paper is organized as follows. Design of the optical receiving antenna is described in Section 2. Section 3 describes the optimization of receiving antenna by using the Taguchi methodology and ANOVA technique. Channel performance analysis of the optical receiver is presented in Section 4. Section 5 describes the experimental verification scheme of optical antenna system, and Section 6 summarizes the paper.
II. DESIGN OF OPTICAL RECEIVING SYSTEM
A traditional mirror CPC is one of the most non-imaging types of concentrators, which is designed according to the principle of edge rays [24] . The CPC, invented by Prof. Winston in 1974, is composed of two symmetrical paraboloids rotating around a symmetry axis [28] . Many researchers have made some investigations about the CPC, which showed the inverse relations between the received power and the optical gain. That is, a higher concentration ratio may lead to a smaller acceptance angle. On the other hand, a solid dielectric CPC can have a much larger acceptance angle, but it has a larger weight, which has great limitations in terms of application.
In this regard, as we previously proposed in [24] , the novel two-stage optical receiving antenna can effectively improve the FOV and receiving power at the receiving end, and the spot uniformity is much larger than that of the mirror CPC. However, in practical application, the size of the photodetector is small, and the antenna designed in [24] is separated into two stages, which has installation and measurement barriers. Moreover, it is difficult for finding the best structure combinations of the two-separated optical lens to ensure good performance in the VLC system during the optimization process.
Therefore, we further optimize the optical receiver and propose a new designed structure that combines the advantages of lens-walled CPC and spherical lens as shown in Fig.1 , and it is a single-stage optical structure that can effectively overcome an obstacle of the antenna in [24] . Furthermore, the optical performance of the designed antenna is much better than that of the optical receiver in [24] . The outside surface of the lens is layered a reflective coating, which allows rays to experience both reflection and refraction, and the material of the optical receiving antenna is PMMA. The optical performance of the receiving antenna can be improved through the optimization of its structure. In this study, several parameters have been put into consideration, which include the rotation degree β, the bottom wall' s height H , and the spherical radius R.
III. OPTIMIZATION OF OPTICAL RECEIVING SYSTEM
According to the optical properties of the designed optical receiving antenna that we discussed in Section 2. The structure parameters of the designed optical receiving antenna significantly influence the reception performance. We simulate four groups of LED array light that are symmetrically positioned in TracePro, which provide Lambertian radiation. The size of each LED array is 60 × 60, and the launching power of each LED array is 1 W. The optical receiving antenna locates along the symmetry axis of the four LED array.
A. TAGUCHI EXPERIMENT SETUP
The Taguchi method uses orthogonal array to perform experiments and analyze the results. The use of orthogonal array can significantly reduce the time and cost of developing new products or technologies, thereby increasing the competitiveness of products in the open market. In the Taguchi experimental method, the parameters that have the greatest influence on the optical performance of the receiving antenna are configured in an orthogonal array, to minimize the conducted experiments. Using the signal-to-noise (S/N) ratio to evaluate the quality of the design solution obtained in each run of the orthogonal array.
The quality characteristics may be different, which depend on the experimental objective. In the optimization considered in this study, the characteristics of interest include the optical gain, the received power, and the SNR. Having conducted all the experimental trials stated in the orthogonal array, the analysis of variance (ANOVA) statistical method is applied to identify the structural design parameters that have a significant effect on the design result [28] , and then, the optimal combination of the structure parameters can be obtained conveniently.
Having selected the quality characteristics of the optimization, a decision is then made as to the structure design parameters, which are likely to have the greatest influence on the quality characteristics. Each structure design parameter is designated in the Taguchi experiments as ''control factors''. Then, it is assigned a prescribed number of design settings (''level settings''). As shown in Table 2 , in the Taguchi experiments, the quality characteristics of optical receiving antenna are determined by three factors, namely: (A) the rotation angle β; (B) the bottom wall's height H and (C) the spherical radius R. Each of these three factors is assigned three possible level settings.
B. ANALYSIS OF TAGUCHI EXPERIMENTAL DATA
As discussed in the previous content, the performance of the optical receiving antenna is governed by three factors, each with three-level settings. As shown in Table 3 , the Taguchi trails are configured in an L 9 (3 4 ) orthogonal array. The table presents the corresponding results for the optical gain, the received power, and the SNR for different control factorial combinations, respectively.
In the Taguchi methodology, the quality of any design scheme is quantified by the S/N ratio, which depends on the product and process being optimized. The S/N ratio can be generalized as ''larger is better'' or ''smaller is better'' [29] , and it can be described by Eq. (1) and Eq. (2) as follows:
Larger the better:η = −10 log
Smaller the better:η = −10 log
where y i denotes the value of the optical gain, the received power, or the SNR associated with the i-th trial, n is the total number of experiments.
In the current Taguchi experiments, the objective is to increase the optical gain G, the received power P, and the SNR of the VLC receiving system while increasing the FOV. Consequently, the success of any control factorial combinations in increasing the G, the P, and the SNR are evaluated by using the larger-the-better S/N ratio. The corresponding results are presented in tabular form in the three right-most columns of Table 3 and are illustrated graphically in Fig.2 . The optimal structure design parameters can be easily found by identifying the control factorial combinations, which have the highest values of the three S/N ratios. Therefore, from the results of the Taguchi experiments, the parameter settings which optimize the optical gain G are as follows: A2 (Rotation degree β: 4 • ), B2 (Bottom wall's height H : 3.5 mm) and C3 (Spherical radius R: 5 mm). Each of these results is intuitively reasonable. In a verification of trial performed using the factorial combinations A2-B2-C3, the G is found to be 21.21, which is 4.76 times more than using the traditional mirror CPC, higher than that obtained by using any other of the experimental settings in Table 2 , while the received power P is 9.4881 dBm, and the SNR is 82.7739 dB.
Thus, from a G perspective, the parameter settings A2-B2-C3 represents the optimal structure design parameters for the optical receiving antenna. From an inspection of Fig.2 , the optimal structure design parameters from a P perspective are determined as follows: A2 (Rotation degree β: 4 • ), B2 (Bottom wall's height H : 3.5 mm) and C1 (Spherical radius R: 3 mm). Again, these results are unexpected. The results of a raytracing analysis show that these parameter combinations yield a P of 9.5793 dBm, higher than that achieved in any of the original Taguchi experiments. However, the corresponding value of the G is found to be just 17.69, and the SNR is 82.6438 dB. Furthermore, the structure design parameter settings which optimize the SNR are as follows: A1 (Rotation degree β: 3 • ), B3 (Bottom wall's height H : 4.5 mm) and C3 (Spherical radius R: 5 mm). These results are listed in Table 3 , the SNR is 86.1245 dB, while the corresponding VOLUME 7, 2019 FIGURE 5. The optical efficiency versus incidence angle for different control factorial settings.
value of the G is 19.57, and the P is 7.2980 dBm. In terms of SNR, the parameter settings A1-B3-C3 represents the optimal structure design parameters for the receiving system.
The distribution of the received irradiance and the spot area vary with structure parameter combinations, as shown in Fig. 3 , which illustrates that the size and shape of the spot on the optical receiving end are obviously different. The parameter settings A2-B1-C2 and A3-B1-C3 have more concentrated energy than other settings in the Taguchi experiments. Furthermore, there is also a big difference in the uniformity of the spot. Fig. 4 shows profiles of received irradiance along the horizontal and vertical directions for different control factorial settings.
In Fig.5 , the optical efficiency of the optical receiving lens with different control factorial settings in Taguchi experiments are given. The optical efficiency of receiving antenna with different structure combinations may have similar variation trends. As shown in Fig.5 , in the case of A2-B2-C3, which represents the optimal structure design parameter combinations for the optical receiving antenna from a G perspective, having an optical efficiency of 64.76%, 59.47% and 35.43% when the incidence angle are 30 • , 35 • , and 40 • , respectively. From a P perspective, in the case of A2-B2-C1, when the incidence angle are 30 • ,35 • , and 40 • , the optical efficiency are 62.14%, 60.14% and 43.75%, respectively. Meanwhile, in the case of A1-B3-C3, from a SNR perspective, the optical receiving lens has an optical efficiency of 36.97%, 4.7% and 13.74% when the incidence angle are 30 • ,35 • , and 40 • , respectively. Different structure combinations in Taguchi experiments have different optical properties when corresponding to the optical efficiency, but the design of this lens structure can increase the FOV. The optical efficiency can be maintained at a high level when the rays are incident at a large angle. However, the receiving power of traditional mirror CPC is basically 0 for the rays beyond the FOV.
Furthermore, in order to compare the uniformity and size of the spot for different control factorial settings in Taguchi experiments, the simulation on flux distribution is carried out. The averaged local concentration ratios and the radius of the spot are gotten from Fig.3 and Fig.4 , as shown in Fig.6 and Fig.7 . It is clear that the uniformity of the flux distribution listed in Fig.6 is better than that of the CPC. From a G perspective in the Taguchi experiment, in the case of A2-B2-C3, the flux distribution ratio between the peak value and the lowest value of the optical receiving antenna is 3.603, while that of the A2-B2-C1 is 3.895. Meanwhile, from a SNR perspective, in the case of A1-B3-C3, the averaged local concentration ratio between the peak value and the lowest value is 3.801. Moreover, the radius of the spot for different control factorial settings in Taguchi experiments are listed in Fig.7 . Obviously, the radius of the spot obtained vary with structure parameter combinations.
In the case of A2-B1-C2, the energy in the spot is concentrated and the radius of the effective spot is 3.5mm, while that of the A1-B1-C1 is 5mm, which has dispersed distribution of optical energy in the spots.
Overall, the results presented above indicate that the structure parameter settings that optimize the G result in a notable decrease in the P and SNR, while those that optimize the P and SNR cause a significant reduction in the G. In other words, a trade-off must be made between these three performance criteria when optimizing the structure of the optical receiving antenna. As described in the following content, it is achieved in the Taguchi experiment by using the ANOVA statistical technique to analyze the S/N ratio acquired in the Taguchi experimental trials.
C. APPLICATION OF ANOVA TECHNIQUE ANALYSIS OF STRUCTURE PARAMETERS
In order to estimate the contribution of each control factor to the performance quality of the designed optical receiving antenna, it would be further analyzed by utilizing the ANOVA technique. The primary purpose of ANOVA is to assess experimental error and assist in judging by percentage. It is assumed that control factors with a higher level of statistical significance have a greater effect on the performance quality, and the effect can be quantified by the percentage contribution parameter ρ, defined as follows [30] :
where SS e is the sum of the squared error, and SS d is the sum of the squared deviation. (Note that in this analysis, since the simulation is repeatable, the SS e is approximated as 0.) The sum of the squared deviations can be expressed as follows [30] :
where η i is the mean S/N ratio in the i-th trial, and n i is the number of trials in the orthogonal array. Table 4 summarizes the ANOVA results of the optical gain G, received power P, and SNR. The results show that the G is determined preliminary by the rotation degree β (Factor A: 71.19%) and the spherical radius R (Factor C: 17.25%). The P is determined mainly by the rotation degree β (Factor A: 53.00%). Similarly, the SNR is governed chiefly by the rotation degree β (Factor A: 50.34%) and the bottom wall's height H (Factor C: 39.22%.
The results presented in the previous content have shown that the structure parameter settings which yield the greatest G (Parameter settings: A2-B2-C3, β = 4 • ; H = 3.5 mm; R = 5 mm) differ from those which produce the largest P (Parameter settings: A2-B2-C1, β = 4 • ; H = 3.5 mm; R = 3 mm) and those which yield the greatest SNR (Parameter settings: A1-B3-C3, β = 3 • ; H = 4.5mm; R = 5mm). Therefore, the optimal design of the receiving antenna cannot be achieved without compromising one or other of the three design objectives. In general, the foremost optimization objective of the VLC receiving antenna is to optimize the energy concentration and the FOV, ensuring high speed and stability of the VLC system. Consequently, the optimal structure parameters for the receiving antenna should be evolved from the parameter settings that optimize optical gain G. Thus, Factor A2 (β = 4 • ) is carried forward into the optimal design in according to the Taguchi's half-fraction rule [28] , at least one of the two remaining control factors (i.e. Factors B and Factors C) should be specified in according to the ANOVA results obtained for the P and SNR properties. Table 4 shows that Factor C exerts a greater effect on the P than Factor B, and thus parameter C2 (R = 5 mm) is taken into the optimal structure design. Having specified the parameter settings for A and C, the only remaining factor is B (i.e. Bottom wall's height H ), and it can be specified to optimize the overall performance. Obviously, from Table 4 , Factor B has a greater effect on the P than SNR, and parameter B2 (H = 3.5 mm) is taken into the optimal structure design. Consequently, the optimal structure parameter combinations for the designed antenna are determined to be A2-B2-C2 (β = 4 • ; H = 3.5 mm; R = 4 mm).
In order to further evaluate the optical performance of the designed receiving antenna, we compare and analyze the optical gain G, the SNR, the FOV, and the spot quality of CPC and optimally designed antenna. Fig.8 and Fig.9 illustrate the simulation results. Fig.8 (a) without any optical antenna, the photodetector directly receives a total of 1128 rays. The spot distribution is scattered, which is difficult to meet the needs of high-speed and stable communication requirements. In Fig.8 (b) , the CPC is utilized as the optical front end to collect rays. The results show that the CPC receives a total of 5023 rays and has an optical gain of 4.45. Furthermore, it is evident that the concentrated energy of the CPC mainly distribute around the spot, and the uniformity of the spot is poor. Fig.8 (c) use the optimally designed antenna, the sum of received rays is 24286, and the optical gain is 21.53. Compared with the previous two cases, the received rays of the optimally designed antenna is 4.84 times than that of the traditional mirror CPC. Moreover, compared with the novel two-stage optical receiving antenna designed in [24] , the optical gain of the optimally designed antenna in this paper increases by 87.38%.
The optical efficiency data for both traditional mirror CPC and optimally designed lens are shown in Fig. 9 . Obviously, there is a greater improvement in the FOV of the optimally designed lens than that of the optical receiver in [24] . The optimally designed lens has a larger half acceptance angle. When the incidence angle is close to 25 • , the optical efficiency still keeps an obvious value, and the FOV is increased by nearly 25 • than traditional mirror CPC. When the optical receiver is not utilized, the maximum value of the SNR is 71.4401 dB, the minimum value is 46.6286 dB, and the mean value is 67.3383 dB. While in the case of installing traditional mirror CPC, the maximum value of the SNR is 86.2526 dB, the minimum value is 66.9162 dB, and the mean value is 75.2496 dB. Compared with the case of receiving rays by traditional mirror CPC, when utilizing the optimally designed lens, the maximum value of the SNR is 92.1048 dB, the minimum value is 74.9259 dB, and the mean value is 82.7944 dB. Furthermore, the optimally designed antenna has better performance of SNR than the optical receiver designed in [24] , and as a result, the mean value of the SNR increases by 8.85%.
It is clear that the rays cannot reach the base of the traditional mirror CPC but can be accepted by the optimally designed lens when the incidence angle is large enough. Therefore, in order to compare the uniformity of these two optical receivers here, the flux distribution is chosen to be revealed by averaged local concentration ratio, as shown in Fig.10 . A more flat curve indicates a more uniform flux distribution of the optical receiving system. The curve of the optimally designed lens illustrates that most of the position of the lens have an averaged local concentration ratio of about 4.5, which is relatively smooth in the area where optical energy is concentrated. However, the local concentration ratio curve of the traditional mirror CPC is more roughly, most of the rays are concentrated on the position about 3.5mm from the center of module, which would seriously affect the communication quality in VLC systems. Thus, Fig.8 (c) and Fig.10 illustrate that the optimal receiving antenna receives a good uniformity of spot energy distribution. The spot radius of the concentrated energy distribution is only 3 mm, which is reduced by nearly 40% compared with the traditional mirror CPC. Furthermore, it ensures that the optical information is detected and utilized by the photodetector effectively, meeting the high-speed and stable communication requirements of VLC systems.
IV. CHANNEL PERFORMANCE ANALYSIS OF OPTICAL RECEIVER
Using the optimally designed receiving antenna, the channel modeling and analysis of the indoor VLC system are performed by using a software of Matlab (Version 2018). The simulation is conducted in a 5 m × 5 m × 3 m open room with four 60 × 60 LEDs array units whose size is 59 × 59. The optical receiving antenna is placed on a horizontal desktop with a height of 0.75 m. Each LED has an optical power of 20 mW, the axial intensity is 0.73 cd, and the LED unit spacing is 10 mm. The LEDs array is placed in accordance with the principle of minimum mean square error of illumination [24] , and the center coordinates of the four LEDs array units are A (0.815, 0.815), B (4.185, 0.815), C (4.185, 4.185) and D (0.815, 4.185), respectively.
A. ANALYSIS OF OPTICAL RECEIVING POWER
In the VLC system, the gain of the channel is directly related to the impulse response, as expressed by the following Eq. (6) [3] :
In an optical link, the channel DC gain is expressed as follows [3] :
where i is the i-th LED, θ c is the half-FOV of the optical receiving end, g(θ i ) is the DC gain of the concentrator, T S (θ i ) is the filter gain, A R is the physical area of the detector in a PD, φ i is the angle of irradiance. The optical concentrator can be given as [3] :
where n denotes the refractive index. [3] , [14] , [24] .
The received optical power can be expressed by Eq. (9):
where P s denotes the electric power of a single LED.
According to the previous study by Toshihiko. K, for the non-direct line-of-sight (NLOS), the direct line-of-sight (LOS) occupies more than 95% of the optical power, and a wall reflection accounts for probably 3.37%, the secondary wall reflection only accounts for 1.27% [3] . So the secondary wall reflection can be negligible, and the gain of the channel is given as:
where D 1,i denotes the distance between the i-th LED and a certain point on the wall, γ 1,i is the angle between the light incident on the wall of the i-th LED emitting unit, and the normal, ρ is the wall reflectivity, and dA wall is a reflective area of small region. The receiving power of the system can be expressed by:
Overall, the total optical receiving power of the receiving antenna in the indoor VLC system is: Fig. 11 presents the power distribution in the room when the optical antenna is not installed. The specific parameters of the photodetector are listed in Table 5 . From an illustration of Fig. 11 , in the case where the optical antenna is not utilized, the maximum value of the received power is −0.2428 dBm, the minimum value is −4.2258 dBm, and the mean value is −2.5052 dBm. The received power generally presents a distribution with a higher value from the near position of the LEDs array, and a lower power at the edge position in the room, as the received power of the optical receiving end is limited by the angle of view. At a position close to the LEDs array, the incident angle of the rays is small, so that the optical receiving antenna can receive more rays. Fig.12 shows the power distribution in the room when the optimally designed antenna is installed. The maximum value of the received power is 12.079 dBm, the minimum value is −45.619dBm, and the mean value is 9.5532 dBm. Since the optimal receiving antenna has large FOV and uniform distribution of spot energy, which significantly reduce the communication dead zone. Table 6 lists the maximum, minimum, and the mean values of the received power for different conditions. Obviously, Table 6 presents that the maximum received power of CPC is 5.2349 dBm, the minimum value is 45.619 dBm, and the mean value is 9.5532 dBm. As the optical front end, CPC plays the role of concentrating rays.
Therefore, compared with the case of direct reception, the maximum received power and the mean received power are significantly increased. Nevertheless, the minimum received power is greatly reduced due to the limitation of the CPC FOV. With the optimally designed receiving antenna, the channel performance is significantly greater than that of the traditional mirror CPC. The design of the lens structure increases the FOV of the antenna and allows more rays to be received in the room. Moreover, when compared to the optical receiver designed in [24] , the mean value of received power P increases by 35.95%. In summary, the data analysis shows that the optical performance of the designed receiving antenna is far superior to the traditional CPC structure, which can effectively converge rays and meet the needs of VLC systems.
B. ANALYSIS OF SNR
The noise of the indoor VLC system is mainly additive white Gaussian noise, including pre-amplifier noise and shot noise. The communication quality of the system is mainly affected by shot noise, and the photon generated by the background light is much larger than the signal itself. Thus, the noise generated by the signal itself can be neglected when the background light is strong [13] . When the background light is weak, the pre-amplifier noise is mainly considered. Shot noise can be expressed by Eq. (13):
where B is equivalent noise bandwidth, q is the electronic charge, I bg is background current, and I 2 is noise bandwidth factors.
The thermal noise is represented by Eq. (14):
where G is the open-loop voltage gain, T K is absolute temperature, k is Boltzmann's constant, is FET channel noise factor, and g m is the FET transconductance. Above all, the total noise of the system is given as follows:
Thus, the SNR expression of the indoor VLC system can be expressed as:
According to Eq. (16), the simulation is performed by using Matlab (Version 2018) to calculate the SNR distribution in the room, and the specific values of parameters are listed in Table 7 , respectively.
The SNR in the three cases of unmounted optical antenna, mounted CPC, and mounted optimally designed receiving antenna are obtained by calculation. Fig. 13 presents the SNR distribution in the room when the optimally designed antenna is installed. The SNR is calculated by Eq. (16) , and the results show that the maximum value of SNR is 92.1048dB, the minimum value is 74.9259 dB, and the mean value is 82.7944 dB. Compared with the case of receiving rays directly without any antenna, the maximum SNR increases by 28.93%, the minimum SNR increases by 60.69%, and the mean SNR increases by 22.95%. In the OOK modulated VLC system, 13.6 dB is the minimum value of SNR that the system needs to meet [24] . As can be seen from Fig.13 , the SNR distribution in the room clearly meet the communication requirements. Table 8 lists the maximum, minimum, and mean values of the SNR distribution in the room for different received conditions, and the maximum value of CPC is 86.2526 dB, the minimum value is 66.9162 dB, and the mean value is 75.2496 dB. Furthermore, compared with the case of receiving rays directly without any antenna, the maximum SNR of CPC increases by 20.73%, the minimum SNR increases by 43.64%, the mean SNR increases by 11.75%, and the optimally designed receiving antenna's SNR increase is 1.95 times the CPC's SNR increase. Furthermore, the optimally designed lens has better performance of SNR than the optical receiver designed in [24] , the mean value of the SNR increases by 8.85%, and the FOV of the receiver is increased by designing the novel lens structure, which ensures that more rays are collected and improves the SNR distribution significantly. Overall, based on the data results and analysis, it is clear that the designed optical receiving antenna not only has larger optical gain, but also has better uniformity and more compact size. The channel performance of the optimal receiving antenna is obviously superior to some traditional optical antennas and the novel two-stage optical receiver designed in [24] . Meanwhile, the single-stage optical structure can effectively overcome the obstacles of installation and measurement in [24] , which can meet the high-speed and highstability communication requirements of the VLC system in practical application.
V. EXPERIMENTAL VERIFICATION SCHEME OF OPTICAL RECEIVING ANTENNA
The results of the sections discussed above show that the optimally designed lens structure based on Taguchi method have good optical performance, and it is suitable for VLC systems. On the basis of the discussion, the experimental verification scheme of optical antenna system is proposed, evaluating the performance of the designed antenna and verifying the rationality of the design. The schematic diagram of the verification system is shown in Fig. 14. In the experimental verification scheme, the test data include SNR, optical gain, received power and spot distribution The test equipment include optical power meter, charge couple device (CCD) industrial camera, and vertical radiome-ter. The CCD industrial camera is placed in the focal plane of the designed optical receiving antenna, and the position of the CCD camera is adjusted according to the actual size of the converging spot, ensuring that all the converging light is received by the CCD detector. The CCD camera is used to acquire image information of the spot, and the software is used to carry out image processing, collecting the energy distribution information. The received power of the spot is measured by the optical power meter, and the incident power of the optical receiving antenna is measured by the vertical radiometer.
VI. CONCLUSION
Considering the communication requirements of VLC systems and the limitation of traditional optical receiving antenna, in this study, we propose and demonstrate a novel optical receiving antenna that can extend the field of view, receive higher power, and reduce the received-energy spot size. Many researchers have made some investigations about the CPC, which shows the inverse relations between the received power and the optical gain. In this regard, a novel optical receiving antenna is designed in combination with the advantages of the lens-walled CPC and the spherical lens, the field of view is increased by nearly 25 • in the case of gain retention. Moreover, the convenience of measurement and installation have been fully considered when designing the optical receiving antenna, and the designed singlestage structure can produce better optical performance than the existing two-stage structure. This study has utilized the Taguchi robust engineering method to optimize the structure design parameters of the receiving antenna. The optimization experiments have focused specifically on the correlation between the structure parameters and the optical gain G, received power P and SNR. TracePro (Version 7.0.3) is selected to build the optical antenna analysis model, comparing the optical gain, spot sizes, and uniformity of different optical receiving systems. Simulation results indicate that the optimally designed antenna achieve the following performance: optical gain of 21.53, field of view of 45 • , and spot size of 3mm. The designed antenna has the characteristics of low cost and simple structure. Furthermore, compared with the two-stage optical receiving antenna in [24] , a singlestage optical structure that can effectively overcome obstacles of installation and measurement. In order to analyze the communication performance of the designed antenna, we establish an indoor VLC system model in a room the size of 5 m × 5 m × 3 m and model the channel by the Matlab (Version 2018), which ensures that the distribution of received power P and the SNR can be obtained. Simulation results show that the optimally designed receiving antenna has greater received power and SNR in the same condition. The received power of the optimally designed antenna is 9.5532 dBm, while the CPC' received power is only 0.6360 dBm. The SNR is 86.2526 dB, which increases by 22.95% when compared with the case of receiving rays directly without any antenna, and the optimally designed receiving antenna's SNR increase is 1.95 times the CPC's SNR increase. Furthermore, the spot radius of the concentrated energy distribution is only 3mm, which is reduced by nearly 40% when compared with the traditional mirror CPC. Therefore, the designed optical receiving antenna can meet the requirements of high gain, large field of view, and good channel performance, which ensures highspeed and stable communication of the indoor VLC systems. HAOYU LYU received the master's degree in optical engineering from the Shanghai University of Science and Technology, in 2019. He is currently pursuing the Ph.D. degree in optical engineering with Fudan University, Shanghai. His current research interests include interferometry, optical measurements, and metrology. VOLUME 7, 2019 
